Abstract: Much research is ongoing to find suitable alternate fuels in order to reduce the exhaust emission levels without deteriorating the basic performance characteristics of conventional spark-ignited (SI) engines. One of the methods to achieve the above problem is the use of alcohols as full supplement fuels to normal gasoline. At the same time, many related research studies have shown that the use of alcohols has a negative impact on some basic engine performance characteristics, e.g., brake power output, etc. On the other hand, spark timing is one of the critical engine operating parameters that significantly influences the combustion mechanism inside the combustion chamber of a SI engine. Therefore, the primary objective of the present work is to investigate the effect of spark timing on the performance and emissions characteristics of a conventional, four-stroke, SI engine running under three different fuel operating modes, viz. with conventional gasoline or ethanol or butanol. The specific investigation is conducted by using an in-house, comprehensive, two-zone phenomenological model. The predictive ability of the model is tested against pertinent experimental data and it is found that the computed results are in good agreement with the respective experimental ones. For all test cases examined herein, the results concern basic engine performance characteristics, i.e., cylinder pressure, power output, specific fuel consumption etc., as well as NO and CO emissions. The main objectives of the work were to record and evaluate the impact that spark timing has on the performance characteristics and emitted pollutants of a conventional SI engine, operating under either conventional gasoline or ethanol or butanol fuel operating modes. Moreover, it deals with the determination of an optimum combination between the type of fuel used and the spark timing, so that probable undesirable effects on engine performance characteristics would be avoided. By comparing this investigation results, it is revealed that the use of alcohols as a full substitute fuel of gasoline accompanied with an appropriate alteration of the spark timing, could be a promising solution to improving both the efficiency and environmental behavior of a light-duty, spark-ignited (SI) engine, without causing any harmful problems to the engine operational lifetime. The conclusions from the study may prove valuable for the application of this technological solution to existing conventional SI engines.
Introduction
The large increase in air pollution observed in recent decades is one of the most important problems in developed countries. Exhaust emissions emitted by piston internal combustion engines play a very important role in this problem. The legal regulations that control this problem set ever closer limits on the emission levels of motor vehicles. Therefore, in addition to changing the engine design, it is now necessary to find technologies that will allow the use of alternative fuels (i.e., biofuels) in new or existing piston internal combustion engines. Despite the fact that fuel prices are today at historical lows and, furthermore, the degree of sustainability of the production of biofuels is a matter of great discussion, it is very important and beneficial that the alternative fuel used has to be produced from renewable energy resources and, moreover, it must be immediately usable. In addition, the use of alternative fuel in existing engines without requiring significant changes to the engine structure should be possible [1] [2] [3] [4] . Thus, the rising fuel prices and the increased oil consumption along with the lack of sustainability of oil-based fuels have generated vivid interest in alternative, renewable sources of fuels for motor vehicles. Bio-fuels made from agricultural products (oxygenated by nature) can reduce the world's dependence on fossil fuels imports, support local agricultural industries and, what is more, offer benefits in terms of usually reduced exhaust emissions. Among those, alcohol-based fuels are considered as very promising fuels, which could possibly replace fully the conventional liquid fuel (gasoline or diesel fuel) in reciprocating internal combustion engines [5] [6] [7] .
The influence of an alcohol-based fuel on the performance and emissions of an internal combustion engine has been widely investigated. Specifically, many of the theoretical and experimental studies evaluating the potential of alcohols are based on ethanol [8] [9] [10] [11] [12] [13] [14] [15] [16] , while other studies have been performed on butanol-fueled engines [17] [18] [19] [20] [21] , or on assessing n-butanol as a blending agent with gasoline [22] [23] [24] [25] [26] . Ethanol can be used as a neat fuel in spark-ignited engines or blended up to 40% with diesel fuel for use in compression-ignition (CI) engines [8] [9] [10] [11] [12] [13] [14] [15] [16] . Ethanol is biodegradable, it is less detrimental to ground water, and it has an octane number higher than gasoline with positive effect on vehicle emissions [14] [15] [16] . While ethanol is soluble in gasoline, additives are required to ensure its solubility in diesel fuel, especially at lower ambient temperatures, and moreover its addition to diesel fuel can reduce lubricity leading to wear problems in fuel pumps [14] [15] [16] . While ethanol seems to be the most usual alcohol for automotive applications, butanol seems to be also promising as its properties are closer to gasoline than those of ethanol. Butanol is a viable alternative to ethanol and offers several benefits over ethanol, while it can be produced also from the fermentation of sugars in biomass [6, 7, 17] . Butanol is less corrosive than ethanol and is less prone to water contamination, hence allowing it to be transported using existing fuel supply pipelines. Moreover, butanol has a higher lower heating value as compared to the respective value of ethanol, which is much closer to the lower heating value of gasoline [6, 7, 17] . This fact, combined with the higher stoichiometric air-fuel ratio, permit higher blending levels of butanol in gasoline than ethanol without changing regulations and engine control systems. Additionally, butanol has a lower latent heat of vaporization than ethanol, which could reduce issues related to fuel atomization and combustion during cold start conditions [6, 7, 17] . Butanol also offers benefits over ethanol for use in CI engines including a higher cetane number, lower vapor pressure, and improved miscibility in diesel fuel [6, 7] .
Several studies have already been performed in order to investigate the use of both types of alcohols in spark-ignited engines, either blended with gasoline [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] or as a neat fuel [22] [23] [24] [25] [26] . A review of ethanol/gasoline blends impact on performance and emissions of a spark-ignited engine is given in [8] [9] [10] [11] [12] [13] [14] [15] [16] . In [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] results are given concerning the use of butanol, either blended with gasoline or as a neat fuel, in a spark-ignited engine. By observing these results, it can generally be concluded that the increase in alcohol content in the blend with gasoline, could have a significant impact on engine performance and efficiency only at high alcohol concentrations, if the air-fuel ratio is to be maintained within the same range of values as for the gasoline operation.
Despite the aforementioned appeared literature concerning the use of both types of alcohols (ethanol or butanol) in a conventional spark-ignited engine, there is still room for further knowledge on how the slight change in spark timing would affect the performance characteristics and the pollutant emission levels of an existing, light-duty gasoline engine that could operate by using biofuels (neat-ethanol or neat-butanol) instead of gasoline.
Therefore, the primary objective of the present work is to examine, on a theoretical basis (i.e., by using of a two-zone phenomenological model), the effect of spark timing on the performance and emission characteristics of an existing, light-duty, naturally aspirated, spark-ignited engine operating at two different engine loading conditions, by using biofuels (neat-ethanol or neat-butanol) instead of gasoline [5, [27] [28] [29] . In this study an existing two-zone phenomenological combustion model was used, which simulates the closed part of the operating cycle (closed cycle) of a conventional, 4-stroke, SI engine. The basic philosophy of the model has not been modified at all. However, in order to allow the model to be used in the present study, some modifications have been made, which have to do with the estimation of some critical parameters, such as the cylinder charge conditions at Inlet Valve Closure event, the air and fuel mass flow rates, and the laminar flame velocity. The theoretical results obtained from the application of the above simulation model consist of the in-cylinder gas pressure, the in-cylinder rate of heat release history, the duration of combustion, the indicated specific fuel consumption as well as the specific NO and CO emissions. Before the application of the proposed model, its predictive ability was evaluated by using experimental data obtained from [14] . More specifically, model predictions corresponding to engine operation at 2400 rpm speed and normal spark timing, i.e., NSA = 23 degrees crank angle before top dead center (deg CA BTDC), are validated against the corresponding experimental values obtained from a single-cylinder, naturally aspirated, air-cooled, spark-ignited engine, which operates either under the G100 or the E100 operating modes at full engine loading conditions [14] . All the theoretical results are referred to engine operation at various combinations of engine loads and spark timings, for each one of the three different fuel operating modes, viz. gasoline operating mode: G100, butanol operating mode: B100, and ethanol operating mode: E100.
By comparing both the computational and the experimental findings, it is observed that for the two different fuel operating modes examined herein, the simulation model accurately predicts the variation trends in engine performance characteristics and pollutant emissions. Taking into account the fact that the conclusions of the present study are based on the comparative assessment of the simulation results, which attempt to describe the relative impact of the two parameters (fuel type and spark timing) on performance characteristics and pollutant emissions of an existing, four-stroke, spark-ignited engine, it becomes obvious that the proposed model could safely support the main purpose of this study.
This work reveals important information about the impact of spark timing in combination with the type of biofuel (ethanol or butanol) on performance characteristics and specific NO and CO emissions, of an existing light-duty, spark-ignited, gasoline engine. Consequently, the information derived from the present work is extremely valuable regarding the implementation of spark timing alteration for improving the engine efficiency and environmental behavior for an existing spark-ignited engine, when the conventional gasoline fuel will be fully substituted either by butanol or by ethanol, without detrimental repercussions on the constructional endurance of the engine. To the authors' best knowledge no such study has been reported before.
Brief Description of the Simulation Model

Main Philosophy of the Model
The proposed model is a relatively simplified phenomenological two-zone combustion approach, simulating the "closed part" of the operating cycle of a conventional, 4-stroke, spark-ignited engine. More details about the structure of the model as well as data and results concerning the application of the model on various types of spark-ignited engines have been published by the authors in the past [5, [27] [28] [29] . Therefore, in the specific sub-paragraph it will be given only a general description of the basic philosophy of the model.
After the inlet valve closing (IVC) event and during the compression stroke up to the initiation of combustion, the charge of the cylinder is considered as a uniform air-fuel mixture, i.e., a fuel vapor and air vapor mixture, which has been premixed during the intake stroke. During the compression phase, the estimation of the in-cylinder gas pressure and temperature is carried out by using an one-zone phenomenological model, while the perfect gas law describes the state of the mixture inside the cylinder [5, [27] [28] [29] . The combustion process is treated as a two-stage procedure comprised of the ignition process and the stable flame propagation process [5, [27] [28] [29] . The ignition process consists of the formulation of the flame kernel due to spark electric discharge and its unsteady flame propagation. After the initiation of combustion, a two-zone phenomenological model is considered to be present for the rest of the closed part of the engine cycle. The first zone consists of air-gaseous fuel mixture (unburned zone), while the second one (burning zone) consists of the combustion products. The two zones are separated by a flame front, which has spherical shape and spreads into the cylinder towards the unburned zone. According to the basic design philosophy of the proposed model, there is no heat exchange between the zones and, furthermore, the flame front is treated as negligibly thin [30] [31] [32] [33] [34] [35] [36] .
During the combustion process, the flame front spreads towards the unburned zone with a flame speed that is calculated by taking into account the turbulent flame propagation mechanism [30] [31] [32] [33] [34] [35] [36] . The computation of the instantaneous flame geometry is achieved by applying the model developed by Annand [36] . The masses of both the fuel and the air entraining into the burning zone are determined by using the volume change rate of the spreading spherical flame front. According to the basic design philosophy of the proposed model, the gaseous fuel entrained inside the burning zone is transformed immediately into products. Therefore, it is revealed that both the turbulent flame speed and the basic characteristics of the mixture (pressure, temperature, and composition) are the only parameters affecting considerably the combustion rate and hence, the heat release rate. It must be stated here that the expansion velocity of the spherical burned flame front is taken into account for the estimation of the final flame speed [5, [27] [28] [29] . Because engine-knocking is a phenomenon that often occurs in SI engines, it should be taken into account in any theoretical study of the performance of a spark-ignited engine. In the present model, a rather simplified but efficient approach to model knock in SI engines has been adopted. According to this approach, the auto-ignition of the unburned mixture occurs when the time integral of the inverse of the induction time becomes equal to unity. The induction time is modeled by an Arrhenius type equation, which relates that to the cylinder pressure and temperature of the unburned zone [30] [31] [32] [33] [34] [35] [36] .
According to the proposed model, the heat exchange rate between the cylinder charge and the cylinder walls is estimated through the application of the well-known Annand approach [37] . During the application of the two-zone approach, a bulk average temperature of both zones is estimated and afterwards the total heat exchange rate is distributed between the two zones according to their mass, temperature, and specific heat capacity [5, [27] [28] [29] .
After the initiation of combustion each zone possesses its own temperature and composition, while the pressure is uniform inside the cylinder. According to references [30] [31] [32] 38 ,39], chemical equilibrium condition for the combustion products is considered to prevail during the whole phase of the expansion stroke up to the exhaust valve opening event. The chemical equilibrium species considered are H 2 O, H 2 , OH, H, N 2 , NO, N, CO 2 , CO, O 2 and O, while the molar concentration of each one of the aforementioned 11 species is calculated by employing the well-known approach proposed by Vickland et al. [38, 39] . The extended Zeldovich mechanism with minor modifications has been adopted for the estimation of NO formation. Finally, according to model's basic philosophy, both the formation and the oxidation mechanism of the carbon monoxide (CO) are modeled in a similar way as the respective ones for NO, by using the kinetics of the main formation and oxidation reactions, by combining carbon monoxide, carbon dioxide (CO 2 ) and hydroxyl radical (OH) [30] [31] [32] 38, 39] . 
Estimation of Cylinder Charge Conditions at Inlet Valve Closure Event
As mentioned, the present model simulates the part of engine cycle corresponding to the time interval where both inlet and exhaust valves are closed (closed cycle) for a conventional, natural aspirated, spark-ignited engine, in which the preparation of the air-fuel mixture takes place in the intake manifold during the induction stroke. Moreover, the simulation model assumes that the cylinder charge can be considered as a homogeneous mixture of air and gaseous fuel, which has been properly premixed during the induction stroke. Since the cylinder charge conditions (pressure and temperature) corresponding to inlet valve closure event (P IVC , T IVC ) are used by the present model as input values, in this subsection a brief description is given of the methodology followed for the estimation of these parameters.
Initially, it must be stated here that for the specific type of engine, the load adjustment is quantitative and it is controlled by throttling of the inducted mass flow rate of the air-fuel mixture. This means that a change in the engine loading conditions should be accompanied by a change in the mass flows of both the inlet air and the fuel consumed, so that the fuel equivalence ratio of the cylinder charge remains substantially constant. Thus, if (a%) represents the percentage of full load, being equal to the percentage of the throttling of the inducted mixture, then the cylinder charge pressure corresponding to inlet valve closure event (P IVC , a% ) can be estimated through the formula:
where (P a ) is the ambient pressure and (a%) represents the percentage of full engine loading conditions (i.e., full load: a = 100%). Taking into account the fact that the engine tested herein is a naturally aspirated one and also that the throttling of the inducted mixture is assumed as an isenthalpic process of an ideal gas, the engine volumetric efficiency could be estimated by the formula:
where (T a ) represents the ambient temperature and (T IVC ) corresponds to cylinder charge temperature at inlet valve closure event, which is affected by the heat of vaporization of the fuel used (h fuel,vap ). As known, the use of a fuel with increased heat of vaporization leads to lower values of the cylinder charge temperature at inlet valve closure event, hence resulting to higher engine volumetric efficiency. Thus, for the specific type of engine, by correlating the available experimental volumetric efficiencies recorded for various types of fuels used in the present contribution [14, 16, 17] , the engine volumetric efficiency (η v ) as a function of the fuel heat of vaporization (h fuel,vap ) could be estimated through the following formula:
Finally, by combining Equations (2) and (3), the temperature of the cylinder charge prevailing at inlet valve closure event could be estimated as:
Estimation of Air and Fuel Mass Flow Rates
According to the previous sub-section, for the specific type of engine operating at specific loading conditions under constant engine speed, the mass flow rate of fuel consumption could be estimated through the following formula: where (a%) represents the percentage of full engine loading conditions, (V') h is the engine swept volume flow rate, (φ) is the fuel equivalence ratio of the cylinder charge, (AFR st ) represents the stoichiometric air to fuel ratio, and (R) is the gas constant for the gaseous air-fuel mixture. It must be stated here that each one of the alcohol-based fuels used in the present investigation (i.e., butanol and ethanol) consists of carbon (C), hydrogen (H) and oxygen (O) atoms. Some of the physical and chemical properties of these types of fuels are given in Table 1 [14, 16, 17] . Thus, the stoichiometric air to fuel ratio (AFR st ) and the net calorific value for each one of the fuels used herein are calculated by knowing the chemical composition of the fuels. Finally, the actual mass flow rate of the inducted air in the cylinder corresponding to inlet valve closure event is calculated as:
Estimation of the Laminar Flame Velocity
The laminar flame velocity is a quantity that accounts for the thermo-chemical state of the combustible mixture moving into the burning zone. The most classical correlations for laminar flame velocity employ similar power-function expressions to correlate the unburned gas temperature, pressure, and mixture diluent fraction with measured laminar flame velocities by using multicomponent hydrocarbons and alcohols, which are similar to automotive fuels. The most common correlations used to estimate the laminar flame velocity in spark-ignition environments are of the following type [13, 16, 30, 31, [40] [41] [42] [43] :
where (T u ) and (P) are the unburned gas temperature and the cylinder pressure, respectively. are also functions of the mixture fuel equivalence ratio only. As known, the presence of diluents in the unburned mixture restrains the spread of the flame front. For the estimation of the actual laminar flame velocity (Equation (7)), the term (1 − d × x c ) represents the fractional reduction in the laminar flame speed due to the existence in the mixture of diluents fraction (x) [13, 16, 30, 31, [40] [41] [42] [43] ].
Model Validation
As mentioned in previous section, the model used in this study was an existing two-zone phenomenological combustion model, which simulates the closed part of the operating cycle of a conventional, 4-stroke, SI engine. The basic philosophy of the model has not been modified at all. However, in order to allow the model to be used in the present study, some modifications have been made, which have to do with the estimation of some critical parameters, such as the cylinder charge conditions at inlet valve closure event, the air and fuel mass flow rates, and the laminar flame velocity. The procedure that was adopted for the estimation of these parameters is given in detail in respective sub-paragraphs of the previous section. As previously mentioned, the experimental data obtained from [14] were used only to calibrate and also to evaluate the predictive ability of the proposed model. The main geometrical and operational data related to the simulated engine are presented in Table 2 [14] , where CA means crank angle, BTDC means before top dead center, ABDC means after bottom dead center, and ATDC means after top dead center. According to [14] , the experimental results used in the present contribution correspond to engine operation at constant speed (N = 2400 rpm) and full loading conditions (a = 100%), at constant spark advance (i.e., NSA = 23 deg CA BTDC) and constant fuel equivalence ratio (φ = 1.01). In the present wok, these engine operating conditions are referred to as "Normal Engine Operating Point" (i.e., NEOP).
For the NEOP engine operating point, two sets of experimental measurements were used in the present work. The first set of the experimental measurements corresponds to engine operation at NEOP under gasoline fuel operating mode, while the second one corresponds to engine operation under neat-ethanol mode at the same NEOP operating point. For each one of the aforementioned two sets of measurements, use was made of experimental data corresponding to the engine volumetric efficiency (η v ), the cylinder pressure and rate of heat release diagrams, the power output (P e ), the brake specific fuel consumption (bsfc), and the specific NO (spNO) and specific CO (spCO) emissions. All these experimental data are summarized in Table 3 [14] , where (M σ ) denotes the engine torque. As mentioned before, all the experimental data mentioned previously were used as a basis to calibrate and evaluate the predictive ability of the proposed model. It must be stated here that the change of engine operating mode from G100 to E100 is accompanied with an increase of the aspirated air mass flow rate (increase of engine volumetric efficiency). Thus, in order to maintain constant the fuel-air ratio of the mixture, a larger amount of fuel is required. The appropriate increase of the fuel supply is taken place in the engine's carburetor by using a conical screw. Table 3 . Experimental data for the operation of engine "Datsu LT 200", either with gasoline (G100) or with ethanol (E100), at normal engine operating point (NEOP). In Figure 1a ,b the comparison between computed and experimental cylinder pressure and heat release traces is given, corresponding to engine operation at NEOP engine operating point, either under conventional gasoline (G100) or under neat-ethanol (E100) fuel operating modes, respectively. The comparison between experimental and calculated values of brake power output (Pe) and bsfc, for both the fuel operating modes (i.e., G100 and E100), at the same engine operating point (i.e., NEOP), is given in Figure 2a By observing these figures, a very good coincidence is revealed between experimental and calculated cylinder pressure and heat release traces. This discloses the ability of the specific model to predict adequately both the cylinder pressure diagram and the combustion mechanism, for a light-duty, naturally aspirated, spark-ignited engine, running at full load conditions either under conventional gasoline or neat-ethanol fuel operating mode, as well. It must be stated here that for each fuel operating mode, the simulation model has been calibrated at NEOP engine operating point by using the available experimental results. Moreover, following the model calibration, the values of the model constants are held constant for the whole of the test cases considered in the present study.
Fuel
The comparison between experimental and calculated values of brake power output (P e ) and bsfc, for both the fuel operating modes (i.e., G100 and E100), at the same engine operating point (i.e., NEOP), is given in Figure 2a Comparison between experimental and computed cylinder pressure and rate of heat release traces of the "DatsuL200" engine, running at 100% of full engine load and 2400 rpm engine speed with normal spark timing, operating under G100 (a,b); or E100 (c,d); fuel modes.
The comparison between experimental and calculated values of brake power output (Pe) and bsfc, for both the fuel operating modes (i.e., G100 and E100), at the same engine operating point (i.e., NEOP), is given in Figure 2a ,b.
(a) (b) Figure 2 . Comparison between calculated and experimental values of brake power output (a); and brake specific fuel consumption (b); of the "DatsuL200" engine running at 100% of full engine load and 2400 rpm engine speed with normal spark timing, under G100 or under E100 fuel operating modes. Comparison between calculated and experimental values of brake power output (a); and brake specific fuel consumption (b); of the "DatsuL200" engine running at 100% of full engine load and 2400 rpm engine speed with normal spark timing, under G100 or under E100 fuel operating modes.
By observing Figure 2a , it is revealed that the proposed model manages to predict with a very good match the experimental values, thus revealing the ability of the specific model to predict adequately the brake power output of a light-duty, spark-ignited engine, operating at full load conditions either under gasoline or neat-ethanol, as well. Moreover, by observing Figure 2b , it is shown that for both fuel operating modes (G100 and E100) examined, the proposed model predicts with relatively good accuracy the experimental brake specific fuel consumptions. Specifically, it is observed that the use of neat-alcohol as a full substitute of gasoline results in an increase of the brake specific fuel consumption. This is due to the lower heating value that alcohol has, as compared to the respective one of gasoline. Finally, it must be stated here that according to [14] , the experimental brake specific fuel consumption is estimated from the measured brake power output and the measured fuel consumption. The comparison between experimental and calculated values of specific NO and CO concentrations, for both fuel operating modes (i.e., G100 and E100) at the same engine operating point (i.e., NEOP), is given in Figure 3a ,b respectively. By observing Figure 2a , it is revealed that the proposed model manages to predict with a very good match the experimental values, thus revealing the ability of the specific model to predict adequately the brake power output of a light-duty, spark-ignited engine, operating at full load conditions either under gasoline or neat-ethanol, as well. Moreover, by observing Figure 2b , it is shown that for both fuel operating modes (G100 and E100) examined, the proposed model predicts with relatively good accuracy the experimental brake specific fuel consumptions. Specifically, it is observed that the use of neat-alcohol as a full substitute of gasoline results in an increase of the brake specific fuel consumption. This is due to the lower heating value that alcohol has, as compared to the respective one of gasoline. Finally, it must be stated here that according to [14] , the experimental brake specific fuel consumption is estimated from the measured brake power output and the measured fuel consumption. The comparison between experimental and calculated values of specific NO and CO concentrations, for both fuel operating modes (i.e., G100 and E100) at the same engine operating point (i.e., NEOP), is given in Figure 3a and specific CO concentration (b); of the "DatsuL200" engine running at 100% of full engine load and 2400 rpm engine speed with normal spark timing, under G100 or under E100, fuel operating modes.
By observing these figures, it is revealed that for each one of the fuel operating modes examined herein, the calculated values are underestimated compared to the experimental ones. But, this is usual for a two-zone model, as it under-predicts the burning zone temperature, which is a factor that affects seriously both the NO and the CO formation mechanisms. In any case, it is revealed that the model manages to predict with adequate accuracy the trends of specific NO and CO emissions.
Consequently, by comparing both the experimental and the theoretical results, it is revealed that despite the small differences observed between the measured and calculated absolute values, which are primarily attributed to the inherent limitations of a phenomenological two-zone model, the and specific CO concentration (b); of the "DatsuL200" engine running at 100% of full engine load and 2400 rpm engine speed with normal spark timing, under G100 or under E100, fuel operating modes.
Consequently, by comparing both the experimental and the theoretical results, it is revealed that despite the small differences observed between the measured and calculated absolute values, which are primarily attributed to the inherent limitations of a phenomenological two-zone model, the simulation model manages to predict with satisfactory accuracy the trend of engine performance characteristics and pollutant emissions, when the conventional liquid fuel (i.e., gasoline) is fully substituted by an alcohol-based liquid fuel (i.e., ethanol). Hence, the specific phenomenological model could be used to perform a parametric study concerning the effect of spark timing on the performance and pollutant emissions of a light-duty, spark-ignited engine, operating either under gasoline (G100) or under neat-butanol (B100) or under neat-ethanol (E100) fuel operating mode, at full (a = 100%) or at partial (a = 60%) loading conditions, respectively.
Test Cases Examined
As previously mentioned, in the present work an effort is made to predict the relative impact of spark timing and the type of fuel (gasoline, butanol, ethanol) on the performance and pollutant emissions of a light-duty, spark-ignited engine, operating either at full or at partial loading conditions, respectively. Therefore, at two different engine loads corresponding to 60% and 100% of full engine load and at 2400 rpm engine speed, the full gasoline replacement by butanol (i.e., B100) and then by ethanol (i.e., E100) was initially investigated, regarding the performance characteristics and pollutant emissions of the aforementioned spark-ignited engine, operating at 2400 rpm engine speed and constant fuel equivalence ratio (φ = 1.01) for normal spark advance (i.e., NSA = 23 deg CA BTDC).
Furthermore, for each one of the three different fuel operating modes (G100, B100, E100), the effect of spark timing on the performance characteristics and pollutant emissions was examined. Therefore, at the two different engine loads, corresponding to 60% and 100% of full engine load and at 2400 rpm engine speed, for each one of the aforementioned fuel operating modes, the spark timing was changed by 3 degrees crank angle after the normal spark timing point (i.e., SA = 23 − 3 = 20 deg CA BTDC), and by 3 degrees crank angle before the normal spark timing (i.e., SA = 23 + 3 = 26 deg CA BTDC). As far as the ignition timing is concerned, it should be stated here that the knock sub-model used was calibrated by employing the available experimental data corresponding to engine operation at full engine loading conditions, either under the G100 or the E100 fuel operating mode, respectively.
Results and Discussion
In this section, the predictive capabilities of the phenomenological model are explored. The predicted effects of the two critical parameters (i.e., the start of ignition and the type of fuel) on some basic performance characteristics and pollutant emissions of a conventional SI engine are examined, for two engine operating points corresponding to 60% and 100% of full engine load and at 2400 rpm engine speed. Moreover, before looking into the results, it should be noted here that the terms G100, B100 and E100 represent the neat gasoline, the neat butanol and the neat ethanol operating modes, respectively. Figure 4a ,b provides the predicted cylinder pressure and rate of heat release (ROHR) traces, for the three engine fuelling operating modes examined herein (i.e., G100, B100, E100), at 2400 rpm engine speed and two different engine loading points (i.e., 60% and 100% of full engine load), under normal spark timing (i.e., NSA = 23 deg CA BTDC).
Cylinder Pressure and Rate of Heat Release
(a) (b) Figure 4 . Calculated cylinder pressure and heat release rate traces for G100, B100 and E100 fuel operating modes, normal spark timing at 2400 rpm and 60% load (a); and 2400 rpm and 100% load (b).
By observing these figures, it is revealed that for each one of the three fuels operating modes (G100, B100, E100) examined herein, the engine load affects the peak cylinder pressure without having a serious effect on the shape of both the cylinder pressure and heat release rate traces. Specifically, it is revealed that for each one of the G100, B100 and E100 operating modes, the increase of engine load with constant spark timing and engine speed seems to lead to a more intense rise of the cylinder pressure, especially during the initial stages of the combustion process, hence resulting . Calculated cylinder pressure and heat release rate traces for G100, B100 and E100 fuel operating modes, normal spark timing at 2400 rpm and 60% load (a); and 2400 rpm and 100% load (b).
By observing these figures, it is revealed that for each one of the three fuels operating modes (G100, B100, E100) examined herein, the engine load affects the peak cylinder pressure without having a serious effect on the shape of both the cylinder pressure and heat release rate traces. Specifically, it is revealed that for each one of the G100, B100 and E100 operating modes, the increase of engine load with constant spark timing and engine speed seems to lead to a more intense rise of the cylinder pressure, especially during the initial stages of the combustion process, hence resulting in an increase of both the maximum cylinder pressure and the maximum burning zone temperature. It should be stated here that in this type of engine the adjustment of the engine load is achieved by throttling the mass flow rate of the aspirated air-fuel mixture, so that at each engine loading condition the fuel equivalence ratio remains essentially constant. Thus, for each one of the three fuel operating modes (G100, B100, E100), the increase of engine load, under constant fuel equivalence ratio, is accompanied by a simultaneous increase in both the aspirated air mass flow rate and the fuel consumption, which justifies the increase of the heat released observed during the combustion process, a fact that leads to an increase of the maximum cylinder pressure.
As far as the effect of the type of fuel on cylinder pressure diagram is concerned, it is revealed that at the same combination of engine load and spark timing, the cylinder pressure during the compression stroke, observed under both the B100 and the E100 operating modes, diverges slightly from the respective values observed under the G100 mode. This may be attributed to the higher heat of vaporization an alcohol fuel has as compared to the respective one of gasoline, a fact that affects negatively (i.e., decrease) the cylinder charge temperature corresponding to the inlet valve closure timing. Moreover, the higher heat of vaporization of an alcohol has a positive effect (increase) on the specific heat capacity an alcohol-air mixture has, which also has a slightly negative effect (slight decrease) on the cylinder charge temperature. However, after the initiation of combustion, it is revealed that the engine operation either under the B100 or the E100 fuel operating modes, seems to have a positive effect (i.e., becomes more intense) on the rate of the cylinder pressure rise, a fact that becomes more pronounced during the initial stages of the combustion process. This justifies the fact that both the maximum cylinder pressure and the maximum burning zone temperatures observed, either under the B100 or the E100 operating mode, are slightly higher as compared to the respective values observed under the conventional G100 operating mode. Regarding the effect of the type of fuel on the heat release rate diagram, it is revealed that at the same engine operating point (load and engine speed) without altering the ignition timing, during the initial stages of the combustion process, the rate of heat release observed, either under the B100 or under the E100 operating mode, becomes more intense than that of the conventional gasoline operation. This seems to be attributed to the higher turbulent flame propagation velocities that both alcohol-fuels (butanol and ethanol) have, as compared to the respective velocity of the gasoline.
As known [30] [31] [32] , the turbulent flame propagation velocity depends on the laminar flame speed of the fuel-air mixture, which is affected by both the cylinder charge conditions (pressure and temperature) and the reference flame speed of the stoichiometric fuel-air mixture. Looking at the data given in Table 1 , it is revealed that both alcohols used herein have a higher stoichiometric reference flame speed than gasoline, while at the same time the stoichiometric reference flame speed of ethanol is higher than the respective one of butanol. On the other hand, for both the B100 and the E100 operating modes, the cylinder charge conditions corresponding to the initiation of combustion instant, are slightly lower to the respective values observed under the conventional operation (G100), which is a fact that restrains the laminar flame speed of the air-fuel mixture. However, by examining the calculated results, it is revealed that during the initial stages of combustion, the effect of the reference flame speed of the stoichiometric air-fuel mixture seems to be more pronounced on the burning rate, as compared to the respective effect that the cylinder charge conditions have. The latter arguments justify the more intense rise of the heat release rate observed during the initial stages of combustion under both the B100 and the E100 operating modes, in comparison to the rise of the respective rate observed under the conventional G100 operating mode.
Figure 5a-f provide the predicted cylinder pressure and heat release traces, for various spark timings (i.e., SA = 26, 23 and 20 deg CA BTDC), corresponding to 2400 rpm engine speed and two different engine loading points (i.e., 60% and 100% of full engine load), under the G100 (Figure 5a,b) , the B100 (Figure 5c,d) , and the E100 (Figure 5e ,f) fuel operating modes, respectively. Looking at these figures, it is revealed that the ignition timing affects both the cylinder pressure history and the rate of heat release. Specifically, it is shown that the advance of the spark timing relative to TDC position seems to enhance the rate of the cylinder pressure rise, especially during the initial stages of the combustion process. This is due to the fact that during the specific phase, the increment of the energy release rate combined with the increase of the cylinder charge temperature, result in the increase of the cylinder pressure to become more pronounced. Moreover, concerning the effect of the spark timing on the heat release rate, it is observed that a slight alteration of the spark timing does not seem to affect seriously the shape of the combustion rate.
However, a slight advance of spark timing relative to normal spark advance results to a slightly earlier initiation of the combustion, while, at the same time, it seems to enhance the rate of the heat release rise observed during the initial stages of combustion. This is due to the fact that the spark timing advance leads to an increase of the fuel mass burned before the TDC position, a fact that affects positively both the existence and the fast spread of the flame front. By observing Figure 4a ,b, it is revealed that for the same spark timing and constant air to fuel excess ratio, the full replacement of gasoline either by butanol or ethanol leads to a slight increase of the maximum cylinder pressure. Moreover, by examining Figure 5a -f, it is observed that the advance of ignition timing relative to TDC position leads to an increase of the maximum cylinder pressure. At part load the increase does not seem to be so severe, while at full load the effect of the ignition advance seems to be more intense. release rate combined with the increase of the cylinder charge temperature, result in the increase of the cylinder pressure to become more pronounced. Moreover, concerning the effect of the spark timing on the heat release rate, it is observed that a slight alteration of the spark timing does not seem to affect seriously the shape of the combustion rate.
(e) (f) Figure 5 . Calculated cylinder pressure and heat release traces for various spark timings, with G100 at 2400 rpm and 60% load (a); and 2400 rpm and 100% load (b); with B100 at 2400 rpm and 60% load (c); and 2400 rpm and 100% load (d); and with E100 at 2400 rpm and 60% load (e); and 2400 rpm and 100% load (f). . Calculated cylinder pressure and heat release traces for various spark timings, with G100 at 2400 rpm and 60% load (a); and 2400 rpm and 100% load (b); with B100 at 2400 rpm and 60% load (c); and 2400 rpm and 100% load (d); and with E100 at 2400 rpm and 60% load (e); and 2400 rpm and 100% load (f).
Duration of Combustion
In Figure 6a ,b, the variation of duration of combustion with spark timing (SA) is given, under the G100, B100 and E100 operating modes, at 2400 rpm engine speed for 60% and 100% of full engine loading conditions, respectively. It should be noted here that for both engine loading conditions examined herein (i.e., 60% and 100% of full engine load) and for the three operating modes (i.e., G100, B100 and E100), the fuel equivalence ratio remains constant and equal to φ = 1.01.
positively both the existence and the fast spread of the flame front. By observing Figure 4a ,b, it is revealed that for the same spark timing and constant air to fuel excess ratio, the full replacement of gasoline either by butanol or ethanol leads to a slight increase of the maximum cylinder pressure. Moreover, by examining Figure 5a -f, it is observed that the advance of ignition timing relative to TDC position leads to an increase of the maximum cylinder pressure. At part load the increase does not seem to be so severe, while at full load the effect of the ignition advance seems to be more intense.
(a) (b) Figure 6 . Variation of the calculated duration of combustion as a function of the spark advance for G100, B100 and E100 fuel operating modes, at 2400 rpm engine speed and 60% of full load (a); and 2400 rpm engine speed and 100% of full load (b).
By observing these figures, it is revealed that for the same type of fuel, keeping constant the spark timing, the increase of engine load is accompanied by a slight prolonging of the duration of combustion. This may be attributed to the fact that the increase of engine load is accompanied by an increase in the fuel consumption, while, at the same time, the burning rate does not appear to be affected significantly, since the variation of the turbulence flame propagation velocity seems to be almost negligible.
As far as the effect of spark timing on the duration of combustion is concerned, it is revealed that for the same operating mode, by keeping constant the engine load, the advance of ignition timing leads to a shorter duration of combustion. This effect seems to become more evident at high engine loading conditions. This may be attributed to the fact that by advancing the ignition timing relative to TDC position, combustion initiates earlier and there is an increase of the fuel mass burned before TDC position. The latter affects positively (enhances) the spread of the flame speed, thus causing the enhancement of the combustion rate and shortening of the combustion duration.
Regarding the effect of the type of fuel on the duration of combustion, it is shown that for both loads examined and for the same spark timing, the duration of combustion observed under the G100 operating mode is slightly higher when compared to the respective values observed under both the B100 and the E100 operating modes. Furthermore, the duration of combustion observed under the By observing these figures, it is revealed that for the same type of fuel, keeping constant the spark timing, the increase of engine load is accompanied by a slight prolonging of the duration of combustion. This may be attributed to the fact that the increase of engine load is accompanied by an increase in the fuel consumption, while, at the same time, the burning rate does not appear to be affected significantly, since the variation of the turbulence flame propagation velocity seems to be almost negligible.
Regarding the effect of the type of fuel on the duration of combustion, it is shown that for both loads examined and for the same spark timing, the duration of combustion observed under the G100 operating mode is slightly higher when compared to the respective values observed under both the B100 and the E100 operating modes. Furthermore, the duration of combustion observed under the B100 operating mode seems to be also slightly longer as compared to the respective value observed under the E100 operation. Despite the fact that the engine operation at constant engine load, either under the B100 or under the E100 operating modes, has to be accompanied by an increase in fuel consumed, as compared to the respective conventional gasoline operation, the improvement of the turbulence flame propagation velocity observed under both the B100 and the E100 fuel operating modes seems to affect positively the quality of combustion, thus resulting in slight shorter duration of combustion.
Despite the fact that for the same engine load conditions the full replacement of gasoline with an alcohol has to be accompanied by a higher amount of fuel consumed (owing to the lower heating value of an alcohol as compared to that of gasoline), the slightly shorter, as compared to the G100 operation, duration of combustion observed under either the B100 or the E100 operating modes, is justified by the enhancement of the turbulence flame propagation velocity, observed (especially) during the initial stages of combustion. Figure 7a ,b illustrate the variation of the calculated indicated specific fuel consumption (isfc) as a function of spark timing, under the G100, B100 and E100 engine operating modes, respectively. Predictions are given at 2400 rpm engine speed for 60% and 100% of full engine load, respectively.
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(a) (b) Figure 7 . Variation of the calculated indicated specific fuel consumption as a function of the spark advance for G100, B100 and E100 fuel operating modes, at 2400 rpm engine speed and 60% of full load (a); and 2400 rpm engine speed and 100% of full load (b).
By observing these figures, it is revealed that for the same engine operating point (combination of load and spark timing), the full replacement of gasoline either by butanol or by ethanol leads to an increase of the isfc, thus resulting in a deterioration of the indicated engine thermal efficiency. Despite the slight increase in the indicated power output recorded by changing the fuel from gasoline to butanol or ethanol, the deterioration observed on the calculated isfc may be primarily attributed to the considerably lower low heating values that both alcohols have (used in the present study), as compared to the respective heating value of gasoline. Therefore, for constant fuel equivalence ratio at the same combination of load and spark timing, the engine operation either with butanol (B100) or ethanol (E100) has to be accompanied by higher amounts of fuel consumptions, as compared to the respective amounts recorded with the G100 operating mode, hence justifying the increase observed in the calculated indicated specific fuel consumption.
Concerning the effect of spark timing on the isfc, it is revealed that the advance of the initiation of combustion leads to a slight increase of the indicated specific fuel consumption. Taking into account the fact that the alteration of ignition timing does not affect the amount of fuel consumed, this effect may be primarily attributed to the slight decrease of the indicated power output calculated for the specific test cases. This effect seems to become more sensible at high engine loading conditions. Figure 7 . Variation of the calculated indicated specific fuel consumption as a function of the spark advance for G100, B100 and E100 fuel operating modes, at 2400 rpm engine speed and 60% of full load (a); and 2400 rpm engine speed and 100% of full load (b).
Concerning the effect of spark timing on the isfc, it is revealed that the advance of the initiation of combustion leads to a slight increase of the indicated specific fuel consumption. Taking into account the fact that the alteration of ignition timing does not affect the amount of fuel consumed, this effect may be primarily attributed to the slight decrease of the indicated power output calculated for the specific test cases. This effect seems to become more sensible at high engine loading conditions. But, consequently, ignition timing does not appear to have an essential effect on the indicated engine efficiency.
Finally, as far as the effect of engine load on isfc is concerned, it is observed that for each one of the three fuel operating modes (G100, B100, E100) examined herein, the engine operation seems to be slightly more efficient at high engine loading conditions. This may be attributed to the fact that for the specific type of engine, the increase of engine load, under constant fuel equivalence ratio, is accompanied by a slightly more intense increase of the indicated power output as compared to the increase recorded for the required fuel consumption. Figure 8a ,b depicts the variation of the calculated indicated specific NO concentration (spNO) versus spark timing. The results correspond to 60% and 100% of full engine load conditions, for the G100, B100 and E100 operating modes, at 2400 rpm engine speed. But, consequently, ignition timing does not appear to have an essential effect on the indicated engine efficiency. Finally, as far as the effect of engine load on isfc is concerned, it is observed that for each one of the three fuel operating modes (G100, B100, E100) examined herein, the engine operation seems to be slightly more efficient at high engine loading conditions. This may be attributed to the fact that for the specific type of engine, the increase of engine load, under constant fuel equivalence ratio, is accompanied by a slightly more intense increase of the indicated power output as compared to the increase recorded for the required fuel consumption. Figure 8a ,b depicts the variation of the calculated indicated specific NO concentration (spNO) versus spark timing. The results correspond to 60% and 100% of full engine load conditions, for the G100, B100 and E100 operating modes, at 2400 rpm engine speed.
Specific NO Concentration
(a) (b) Figure 8 . Variation of the calculated indicated specific NO concentration as a function of the spark advance for G100, B100 and E100 fuel operating modes, at 2400 rpm engine speed and 60% of full load (a); and 2400 rpm engine speed and 100% of full load (b).
By observing these figures, it is revealed that for each one of the three fuels used in the present work at each one of the spark timings examined herein, the increase in engine loading conditions without alteration of the fuel equivalence ratio, leads to an almost negligible variation of the calculated indicated specific NO concentrations. As mentioned before the increase of engine load results to an increase of the indicated power output. Moreover, the load increment enhances the NO formation mechanism, since the increase of engine load is accompanied by an increase of the maximum burning zone temperature [30] [31] [32] .
Concerning the effect of ignition timing on the calculated indicated specific NO emissions (Figure 8a,b) , it is revealed that for both engine loads and for each one of the three fuel operating modes (G100, B100 and E100), the advance of the ignition timing relative to the TDC position results in an increase of the calculated indicated specific NO concentrations. This may be primarily attributed to the fact that the spark timing advance leads to an increase of the fuel mass burned before the TDC position, a fact that enhances both the fuel combustion rate and the temperature of the burning zone. The latter favors considerably the NO formation mechanism [30] [31] [32] .
Regarding the effect of the type of fuel on the indicated specific NO concentration (Figure 8a,b) , it is revealed that for both engine loads and for constant spark timing, the full replacement of gasoline either by butanol or by ethanol fuel, leads to a slight decrease of the calculated indicated specific NO concentrations. As known, the indicated specific NO concentration is proportional to the NO formed concentration and inversely proportional to the indicated power output. By examining the model results, it is observed that with the complete replacement of the conventional gasoline fuel by an alcohol, a slight increase in the calculated indicated power output is recorded. Furthermore, by By observing these figures, it is revealed that for each one of the three fuels used in the present work at each one of the spark timings examined herein, the increase in engine loading conditions without alteration of the fuel equivalence ratio, leads to an almost negligible variation of the calculated indicated specific NO concentrations. As mentioned before the increase of engine load results to an increase of the indicated power output. Moreover, the load increment enhances the NO formation mechanism, since the increase of engine load is accompanied by an increase of the maximum burning zone temperature [30] [31] [32] .
Regarding the effect of the type of fuel on the indicated specific NO concentration (Figure 8a,b) , it is revealed that for both engine loads and for constant spark timing, the full replacement of gasoline either by butanol or by ethanol fuel, leads to a slight decrease of the calculated indicated specific NO concentrations. As known, the indicated specific NO concentration is proportional to the NO formed concentration and inversely proportional to the indicated power output. By examining the model results, it is observed that with the complete replacement of the conventional gasoline fuel by an alcohol, a slight increase in the calculated indicated power output is recorded. Furthermore, by observing the variation of the calculated burning zone temperature, it is revealed that the engine operation, either under the B100 or under the E100 operating modes, may lead to a slightly higher maximum burning zone temperature, as compared to the one observed under the G100 operating mode. But, at the same time, it seems to affect negatively the reduction rate of the burning zone temperature after the TDC position, hence leading to a more intense reduction of the burning zone temperature. This phenomenon seems to become more pronounced during the expansion phase, where the burning zone temperature observed under the G100 operating mode seems to become slightly higher as compared to the respective values observed under the B100 and the E100 fuel operating modes. By taking into account the aforementioned observations and also the fact that NO formation rate depends on the change of the burning zone temperature [30] [31] [32] , it is justified that the calculated NO concentration formed under the B100 or E100 operating modes is slightly lower than the respective concentration calculated under the conventional G100 operating mode. Figure 9a ,b depicts the variation of the calculated indicated specific CO concentration (spCO) versus spark timing. The results correspond to 60% and 100% of full engine load conditions, for the G100, B100 and E100 operating modes, at 2400 rpm engine speed. observing the variation of the calculated burning zone temperature, it is revealed that the engine operation, either under the B100 or under the E100 operating modes, may lead to a slightly higher maximum burning zone temperature, as compared to the one observed under the G100 operating mode. But, at the same time, it seems to affect negatively the reduction rate of the burning zone temperature after the TDC position, hence leading to a more intense reduction of the burning zone temperature. This phenomenon seems to become more pronounced during the expansion phase, where the burning zone temperature observed under the G100 operating mode seems to become slightly higher as compared to the respective values observed under the B100 and the E100 fuel operating modes. By taking into account the aforementioned observations and also the fact that NO formation rate depends on the change of the burning zone temperature [30] [31] [32] , it is justified that the calculated NO concentration formed under the B100 or E100 operating modes is slightly lower than the respective concentration calculated under the conventional G100 operating mode.
Specific CO Concentration
Figure 9a,b depicts the variation of the calculated indicated specific CO concentration (spCO) versus spark timing. The results correspond to 60% and 100% of full engine load conditions, for the G100, B100 and E100 operating modes, at 2400 rpm engine speed.
(a) (b) Figure 9 . Variation of the calculated indicated specific CO concentration as a function of the spark advance for G100, B100 and E100 fuel operating modes, at 2400 rpm engine speed and 60% of full load (a); and 2400 rpm engine speed and 100% of full load (b).
As far as the effect of engine load on the indicated specific CO concentration is concerned, it is observed that for each one of the three fuels used in the present work at each one of the spark timings examined herein, the increase in engine loading conditions, without alteration of the fuel equivalence ratio, leads to a slight increase of the calculated indicated specific CO concentrations. As mentioned previously, the increase of engine load results to an increase of the indicated power output. But, at the same time, it is accompanied by an increase of the maximum burning zone temperature, a factor that enhances significantly the CO formation mechanism [30] [31] [32] .
Concerning the effect of spark timing on the indicated specific CO concentration, it is observed that for both loads examined and for each one of the three types of fuels used herein, the advance of spark timing seems to have a negative effect (i.e., slight increase) on the calculated indicated specific CO concentration. As previously mentioned, spark timing advance leads to an increase of the fuel mass burned before the TDC position, a fact that enhances both the fuel combustion rate and the temperature of the burning zone. The latter considerably favors the CO formation mechanism [30] [31] [32] . At the same time, the advance of spark timing could lead to a decreased time interval during the expansion phase, for which high temperature levels persist in the cylinder. The latter affects negatively the CO oxidation rate and so allows for less mass of the formed CO to be completely oxidized [30] [31] [32] . Figure 9 . Variation of the calculated indicated specific CO concentration as a function of the spark advance for G100, B100 and E100 fuel operating modes, at 2400 rpm engine speed and 60% of full load (a); and 2400 rpm engine speed and 100% of full load (b).
NSA
Concerning the effect of spark timing on the indicated specific CO concentration, it is observed that for both loads examined and for each one of the three types of fuels used herein, the advance of spark timing seems to have a negative effect (i.e., slight increase) on the calculated indicated specific CO concentration. As previously mentioned, spark timing advance leads to an increase of the fuel mass burned before the TDC position, a fact that enhances both the fuel combustion rate and the temperature of the burning zone. The latter considerably favors the CO formation mechanism [30] [31] [32] . At the same time, the advance of spark timing could lead to a decreased time interval during the expansion phase, for which high temperature levels persist in the cylinder. The latter affects negatively the CO oxidation rate and so allows for less mass of the formed CO to be completely oxidized [30] [31] [32] . Finally, by examining Figure 9a ,b, it is observed that for both loads examined and for constant ignition timing, the full replacement of gasoline either by butanol or by ethanol fuel leads to a slight decrease of the indicated specific CO concentrations. This may be attributed to the fact that for the same ignition timing, the engine operation under alcohol-fuel operating mode (B100 or E100) results in lower burning zone temperatures during the expansion phase, which affects negatively (restrain) the CO formation mechanism. Therefore, by taking into account the fact that under alcohol-fuel operating mode a slightly more indicated power output is calculated, the lower, relative to that of the G100 operating mode, values of the calculated indicated specific CO emissions observed under both the B100 or E100 operating modes are justifiable.
Conclusions
In the present work, an existing two-zone phenomenological model is used to examine the effect of spark timing on the performance and emissions of a light-duty, SI engine running under either gasoline or ethanol or butanol fuel operating modes. A good coincidence for both performance characteristics and pollutant emissions was observed between calculated and measured values, which correspond to the same engine operating point, i.e., 100% of full engine load and spark timing equal to 23 deg CA BTDC, either under gasoline-fuel operating mode or ethanol-fuel one.
By comparing computed and measured values, a very good coincidence is observed for brake power and bsfc for both fuel operating modes examined. In the case of indicated isfc, and indicated specific NO and CO emissions, also a satisfactory agreement between calculated and experimental values was observed. At full engine loading conditions, the developed simulation model seems to predict with reasonable accuracy the trend variation of main performance parameters and NO and CO emissions, when the engine is running under either gasoline or ethanol operating modes, respectively. Acknowledging the predictive ability of the model, this was used to examine the effects of the type of fuel and the spark advance, at both part and full engine loading points, on the cylinder pressure and heat release rate traces, indicated power output, maximum cylinder pressure, indicated specific fuel consumption, and specific NO and CO emissions. From the evaluation of the theoretical findings, the conclusions can be summarized as follows:
For each one of the three fuel-operating modes examined herein (G100, B100 and E100), the increase of engine loading conditions by keeping constant both the spark timing and fuel equivalence ratio, results in a slight deterioration (slight increase) of the indicated specific fuel consumption. But, at the same time, it affects negatively (considerable increase) the maximum cylinder pressure. However, the increase in engine loading conditions does not appear to have a significant effect on the indicated specific NO and CO concentrations.
Moreover, for each type of fuel at the same engine load, the advance of spark timing relative to normal start of ignition could lead to a slight increase of the indicated specific fuel consumption. On the other hand, a slight retard of the spark advance relative to normal spark timing, could lead to a slight improvement of the indicated engine efficiency (slight decrease of the isfc), which seems to become more sensible at high engine loading conditions. At the same time, the advance of the spark timing leads to a slight increase of the maximum cylinder pressure, a fact that does not seem to have detrimental repercussions on the constructional endurance of the engine, since the differences observed in the maximum cylinder pressures are so small that they could be considered negligible. As far as the effect of spark timing on the specific concentrations of both NO and CO emissions is concerned, it is revealed that the advance of the initiation of combustion initiation seems to affect negatively (increase of indicated specific NO and CO concentrations) the environmental behavior of the engine. This effect becomes more intense at high engine loading conditions.
Finally, regarding the effect of the type of fuel on engine performance characteristics, it is revealed that for both engine loading conditions examined, the engine operation at constant spark timing either under the B100 or under the E100 operating modes results in an increase, as compared to the one recorded under the G100 operating mode, of the indicated specific fuel consumption. At the same time, it does not seem to affect negatively (i.e., considerable increase) the maximum cylinder pressure. As far as the effect of the type of the fuel on the environmental behavior of the engine is concerned, it is shown that the full replacement of gasoline by an alcohol one appears to have a positive effect on the environmental behavior of the engine, since it results in a worthwhile decrease of the indicated specific concentrations of both NO and CO emissions. Moreover, by comparing the relative results between the B100 and the E100 operating modes, it is revealed that for each engine operating point (combination of engine load and spark timing), the use of ethanol instead of butanol may result in lower specific concentrations of both NO and CO emissions. This effect seems to become more sensible at higher engine loading conditions.
The results of this preliminary investigation are encouraging and urge us to conduct a more thorough, in relation to the present one, parametric study. Such a study is currently under progress and the first results of this will be given in the near future. Even though it is difficult to generalize the findings of the current preliminary investigation, we believe that they are important since the use of an alcohol (butanol or ethanol) instead of gasoline with retarded spark timing in a light-duty, SI engine, could be a promising solution for increasing the engine efficiency, while simultaneously improving the environmental behavior of the engine. The effect becomes more sensible at full load conditions. However, this potential may be limited by considering that at full load conditions the use of an alcohol (butanol or ethanol) instead of gasoline could result in an essential increase of the maximum cylinder pressure, which could be a crucial issue for the operational lifetime of an existing engine.
